The effects of Ag addition on some physical properties of Y Ba 2 Cu 3 O 7−δ superconductor has been studied. The samples were produced by different routes and characterized by scanning electron microscopy, differential thermal analysis, thermogravimetric analysis, X-ray diffraction and nanoindentation. The superconducting properties were studied by dc magnetization and electrical resistivity measurements. The X-ray patterns revealed that all samples were polycrystalline and corresponded to the orthorhombic Y Ba 2 Cu 3 O 7−δ phase. However, for some samples, silver appears to be present within the grains. The superconducting properties were not significantly influenced by Ag addition. Hardness and elastic modulus were also obtained by instrumented indentation. Ag addition was found to be effective in improving the mechanical properties, probably by filling the pores in the grain boundaries. Hardness profiles indicated values between 3.1 and 3.4 GPa at deep tip penetration depths. The highest elastic modulus of 146 GPa was attained for samples prepared using Y 2 O 3 , BaCO 3 , CuO and Ag 2 O as precursors, while the lowest modulus (125 GPa) was obtained for the pure Y Ba 2 Cu 3 O 7−δ sample.
Effects of Ag Addition on Some Physical Properties of Granular
Y Ba 2 Cu 3 O 7−δ Superconductor
INTRODUCTION
For most applications of high-temperature superconductors (HTSC's), it is desirable good superconducting and mechanical properties. It has been reported that silver addition is effective in improving mechanical properties of the brittle superconducting oxides Y Ba 2 Cu 3 O 7−δ (Y-123) [1] [2] [3] . For example, studies on textured Ag doped Y-123 samples showed that the Ag addition improved fracture toughness and the resistance to thermal shock [4] . At mesoscopic level, silver fills the intergranular spaces and increases plasticity and the resistance to crack formation [5] .
It has been found that Ag enhances the critical current density and magnetic-flux trapping [6, 7] . Also, silver improves the grain growth and helps to obtain a better grain orientation, lowering the electrical resistance in the normalstate [8, 9] . In a general manner, silver addition to Y-123 clearly enhances the process dominated by the weaklinks [10] .
Silver can be introduced into the samples by various ways, such as by mixing with metallic Ag, by mixing with AgO 2 or by electrochemical methods [11, 12] . Due to its excellent chemical compatibility, the silver ion can be encountered into the Y-123 grains [7, 13] . Yet, as copper and silver are from the same group of the periodic table, Ag atoms can substitute Cu (1) in the Y-123 grains and consequently many physical properties are affected by presence of microscopic granularity [14] . However, some authors [15, 16] also report that Cu sites are not substituted by Ag ions and the excess of Ag fills the pores in the bulk.
Studies devoted to Ag addition in Y-123 samples have shown its numerous advantages. The aim of this study is to produce and characterize pellets of silver doped Y-123 by different routes. The samples were characterized by scanning electron microscopy, differential thermal analysis (DTA), thermogravimetric analysis (TGA), X-ray diffraction, dc magnetization and electrical resistivity measurements. Also, the hardness and elastic modulus were measured by instrumented indentation.
EXPERIMENTAL DETAILS
A series of samples were prepared by a conventional solidstate reaction using high-purity powders of Y 2 O 3 , BaCO 3 , CuO, Ag 2 O and metallic Ag. We prepared four different groups of samples. Group A (labeled GA) consisted of pure Y-123 samples prepared by a solid-state reaction technique, using starting materials of Y 2 O 3 , BaCO 3 , and CuO. Appropriate amounts were mixed and calcinated in air at 870, 900 and 920 0 C for 24 hours, and then slowly cooled through 700 0 C. Finally, samples were heated in flowing oxygen at 420 0 C for 24 hours. In group B(GB), a fully oxygenated 1:2:3 compound was first prepared by the usual solid-state reaction method described above. Samples of composition Y Ba 2 Cu 3 O 7−δ /Ag, with Ag 2 O 20 wt. % were then prepared from Ag 2 O and 1:2:3 powders as described in Equation (1). The Ag 2 O and stoichimetric Y − 123 powders were well mixed, pressed into pellets and sintered at 920 0 C for 24 hours. Samples were heated in flowing oxygen at 420 0 C for 24 hours.
Samples in group C (GC) were prepared with the same chemical formula as in group A, but instead of using the prereacted 1:2:3, we used Y 2 O 3 , BaCO 3 , CuO and Ag 2 O as precursors as described in Equation (2) below.
In group D(GD), samples of composition Y Ba 2 Cu 3 O 7−δ /Ag with pure Ag (metallic) 20 wt % were prepared from Ag and the prereacted 1:2:3 powders as described by Equation (3). The Ag and stoichimetric Y-123 powders were well mixed, pressed into pellets and sintered at 920 0 C for 24 hours. Samples were heated in flowing oxygen at 420 0 C for 24 hours.
The X-ray diffraction patterns were collected from 10 0 to 100 0 in the 2θ range with 0.02 0 steps and 4 s counting time. The measurements were performed using a Shimadzu X-ray diffractometer with CuK α radiation and the crystal structure analyses were performed using the GSAS program [17] with the EXPGUI interface [18] and the Le Bail method. Also, the identification of secondary phases was determined by micropobre energy dispersive spectroscopy (EDS). DTA and TGA measurements were carried out in a microbalance (SDT Q600 V 7.0 Build 84) under O 2 flow up to 1100 0 C at a rate of 5 0 C/min. The electrical resistivity as a function of temperature was measured by means of a four-probe AC technique at the frequency of 37 Hz. The measuring current was limited to 100 mA for bar-shaped samples which were approximately 8 × 3 × 2 mm 3 . The temperature was determined with an accuracy of 0.01 K by precisely measuring the resistance of a Pt-100 sensor. The magnetic measurements were obtained by a superconducting quantum interference device MPMS-XL magnetometer from Quantum Design. Hardness and elastic modulus profiles were determined by using instrumented indentation technique following the Oliver & Pharr method [19] . The diamond tip was of a Berkovich type and the applied load ranged from 1.6 to 400 mN. At the maximum load, a depth of 3 µm was reached. In order to measure fracture toughness, indentations with a cube-corner indenter and with load of 100 mN were performed. Samples surface morphology and tip impressions were observed by scanning electron microscopy (SEM). 
RESULTS AND DISCUSSION
Samples polished with diamond paste finishing were observed by scanning electron microscopy. Fig. 1 shows the morphology for a pure Y-123 (sample GA) and for Ag-doped Y-123 samples (GB, GC and GD) polished with diamond past finishing. The granular nature and the porosity of the samples are clearly shown. For most Y-123 grains, their diameter was in range between 5 and 10 µm. A random distribution of metallic Ag particles between 10 and 50 µm in diameter was homogeneously dispersed within the Y-123 matrix for samples GB, GC and GD. Many defects such as pores are created during the heating and the cooling steps. Also, this kind of defect can be introduced during oxygen annealing. We can observe that the porosity for Ag-doped samples has been significantly reduced, probably because the Ag particles fill in the pores, and with a consequent increasing in the effective density of Ag-doped samples. This result is in accordance with the porosity determined by the weight method using theoretical density (Table I) . Also, for samples GC and GD, we can observe the presence of CuO, indicating probably that the substitution of Cu by Ag is important for these samples. The typical X-ray diffraction patterns for a pure Y-123 (GA) and for Ag-doped Y-123 powders (GB, GC and GD) prior to sintering are shown in Fig. 2 . The X-ray patterns revealed that all powders have the orthorhombic Y-123 phase. Powders GB, GC and GD revealed small quantities of Ag. The variation of lattice parameters a, b, c, cell volume V and density ρ for different samples are shown in Table II. The variation of the unit cell parameters and density can indicate that Cu atoms may be substituted by Ag atoms, which is in agreement with other studies [20, 21] . Also, for Ag-doped Y-123 samples, we could identify three silver peaks, (111), (200) and (220) [14, 22] , which indicates the presence of Ag as a separated phase of Y − 123. However, no peaks of the CuO phase were identified for powders GC and GD, which indicates there is segregation of the CuO phase during sintering as seen in Fig. 1(c) and 1(d) , probably by incorporation of Ag into the Y-123 grains. the other hand, with introduction of Ag, we can observe the presence of two endothermic peaks. The first peak (lower intensity) is due to melting of bulk Ag with temperature around 950 0 C (for all doped samples) and the peak second temperature (higher intensity)is due to Y-123 melting, that was shifted towards lower temperatures: 991 0 C for GB, 996 0 C for GC and 992 0 C for GD samples. As it was not observed others phases from DTA, the results indicated that Ag helps to lower the melting temperature of Y-123 without producing any other additional compound. Thermogravimetry of Agdoped Y-123 samples (GB, GC and GD) in oxygen has been carried out and analyzed. As can be observed from Fig. 3(b) , there is a small oxygen loss around 200 0 C for all samples, however for sample GB the mass variation is higher than for the others. Also, there is a difference of mass variation between the samples. This can be attributed to the different oxygen concentration in the grain boundaries, possibly due to the use of Ag 2 O as a precursor. Fig. 4 shows the temperature dependence of the electrical resistivity for pure and Ag-doped Y-123 samples near the superconductive transition. The curves are normalized to unity at 95 K. The current was I = 10 mA and the values of ρ (T ) are within the range of the reported values for the pure and Y-123/Ag samples. Also, both pure and Ag-doped samples exhibit metallic behavior in the normal state (not shown). The transition width, ∆T , defined between 5 % and 95 % of the transition height, is approximately 2.6 K for sample GA, 1.5 K for GB, 1 K for GC and 1.2 K for GD. Yet, the zero-resistance temperature was 89.0 K for sample GA, 91.5 K for GB, 91.2 K for GC and 91.4 K for GD. In the inset, dρ/dT is shown as a function of temperature for GA sample. The derivative of the resistivity is a simple procedure for magnifying details of the transition, as for example, the maximum of dρ/dT , denoted by T P , and that corresponds approximately to the bulk critical temperature T C [23] . For our samples, T P is approximately 91.2 K for sample GA, 92.7 K for GB, 91.8 K for GC and 92.3 K for GD, showing that the GB sample has the highest T P . From the plot of the derivative dρ/dT versus temperature, we can observe that there is an asymmetry in dρ/dT in the temperature region below T P for pure Y-123 sample, indicating that the transition is a two-step process. This suggests that the pure sample must have a strong disorder at mesoscopic level [24, 25] . On the other hand, the same behavior was not observed for Ag-doped samples, indicating much better links between superconducting grains. GC and GD) . The measurements were performed according to field-cooling (FC) and zero-field-cooling (ZFC) prescriptions. Meissner effect or field exclusion effect can be observed in the FC process if the sample quality is very good or defect-free. We can observe from Fig. 5 that the Meissner flux expulsion is approximately the same for all samples. Also, it is noticeable that diamagnetic signal is very small in the FC process when compared with the ZFC. It is interesting to note that T C is practically unaltered, ∼ 92.2 − 93 K, for all samples, within our experimental resolution. Yet, the magnetic irreversibility temperature T irr (the temperature corresponding to the point where χ FC −χ ZFC departs from zero) also did not change significantly between the Ag-doped samples, and also as when compared with the pure compound.
Typical SEM images (Fig. 1) showed the presence of superconductors grains (Y-123), pores and microcracks. For the Ag doped samples, Ag metallic grains are present in great quantity as an embedded phase. This mixture of Y-123 phase, Ag grains and pores makes difficult to precise evaluate hardness and elastic modulus of each phase because the material is a composite. To compensate this structural inherent complexity and heterogeneity, a large ensemble of indentations was performed in order to obtain reliable hardness and elastic modulus profiles. Typical load-unloading curves for the undoped sample and Ag doped samples are shown in Fig. 6 . The tip incursions observed at deeper penetrations can be attributed to pores and/or presence of Ag grains. In case of pores, the tip can lose sustentation and in case of Ag precipitates, a lower hardness is measured in comparison to the ceramic structure. These situations cannot be prevented during testing because both pores and Ag grains can be situated under the near surface region and are not identified when defining where to indent. Moreover, at the highest applied loads, it cannot be excluded that chipping occurs as a result of lateral crack detachment during the indentation and this also means tip sustentation lost. Fig. 7(a) shows the hardness profiles obtained from the load-unloading curves of different samples. The hardness of the undoped sample is around 3.5 GPa at the deepest region. The near surface region has a slightly lower hardness due to the presence of roughness. Different Ag doping processes do not modify significantly the hardness profiles in respect to the undoped condition (Table III) . However, at the near surface region (up to 1000 nm in depth), sample GB shows a slightly higher hardness in respect to the others samples, including the undoped sample. 
ρ (g/cm 3 ) GA All of the hardness profiles have a great dispersion in its values that can be attributed to the fact that the samples are composites. The measured hardness in these cases corresponds to an averaged behavior between the superconductor ceramic, the metallic Ag grains and the presence of defects. Taking into account this composite character of ours samples, the present hardness profiles are in agreement with reports in the literature for Y-123 based structures where hardness varies from 4 to 12 GPa [26] [27] [28] [29] [30] [31] [32] . Consequently, the broad range of the reported values can then be attributed to the different sample processing conditions and also to the employed measurement technique, which in almost of all reported situations corresponds to the conventional Vickers method. The elastic modulus profiles for the undoped and Ag doped samples are shown in Fig. 7(b) . The undoped sample has a value around 120 GPa from near surface to deeper regions (Table III) . The Ag presence increases slightly the value from 140 to 150 GPa, but as also observed in the hardness profiles, the error bars are very large for all of the studied samples. The measured values of the elastic modulus in the present situation agree with the reported data [26] [27] [28] [29] [30] [31] [32] and the same interpretation of composite behavior can be used to interpret these results. 12 served. This behavior is in agreement with the polycrystalline and composite nature of the samples. Radial and secondary cracks can be indentified in the figure, but due to the presence of pores and metallic Ag precipitates, the radial crack length and directions are not well defined and are very difficult to estimate. Therefore, it was not possible to measure the fracture toughness in these samples.
CONCLUSION
In the present study, the effects of the addition of Ag to the Y Ba 2 Cu 3 O 7−δ system were investigated. Silver was added to the Y Ba 2 Cu 3 O 7−δ system through the mixture with metallic Ag and with Ag 2 O. Samples were produced by different routes and characterized by scanning electron microscopy, differential thermal analysis, thermogravimetric analysis and X-ray diffraction, whereas the superconducting properties by dc magnetization and electrical resistivity measurements. Also, hardness and elastic modulus were measured by instrumented indentation. It was found that Cu sites are substituted by Ag ions, as well as that metallic Ag also fills the pores in the grain boundaries. The results obtained are in agreement with those reported in the literature and demonstrated that the addition of silver to the Y Ba 2 Cu 3 O 7−δ system is effective in improving the mechanical properties without degradation of the superconducting properties.
